We bring together optical spectroscopy and first-principles calculations to reveal the electronic properties of the chiral ferromagnet Fe 1/3 TaS 2 . Signatures of chirality are superimposed upon a complex free-carrier response that emanates from both Ta and Fe bands. These include a honeycomb charge density pattern in the Fe layer and a hole → electron pocket crossover at the K point, low-energy excitations between spin split bands that cross the Fermi surface, and clustered rather than well-separated on-site and charge-transfer excitations. These findings advance the understanding of intercalation and symmetry breaking on the fundamental excitations in metallic chalcogenides.
I. INTRODUCTION
Research on engineered superlattice materials has blossomed in recent years due to the discovery of unexpected properties deriving from interface effects [1] [2] [3] [4] . Naturally occurring superlattices like intercalated oxides and chalcogenides are of contemporary interest as well. Examples include the chiral helimagnets Cr 1/3 NbS 2 and [Pb 2 BiS 3 ][AuTe 2 ], superconducting Pd-intercalated IrTe 2 , and interlayer I-doped BiOIO 3 nanoplates [5] [6] [7] [8] [9] . The chiral ferromagnet Fe 1/3 TaS 2 attracted our attention in this context [10] . This system is based upon 2H-TaS 2 [11, 12] and has a set of stable, well-ordered intercalation plateaus at x = 1/4 and 1/3 [Figs. 1(a)-1(c)] [10] . The pattern of Fe centers is responsible for the noncentrosymmetric, chiral space group of the x = 1/3 system [10] . Intercalation suppresses the charge-density wave transitions [13] , and magnetic transitions arise at 160 and 35 K for the x = 1/4 and 1/3 materials, respectively [10, 14, 15] . Large magnetoresistances and high coercivities have been reported as well [16] . Moreover, the atomically thin Fe layers in Fe x TaS 2 display fascinating domain wall symmetries and domain patterns [10] ; that, in the x = 1/3 system is Z 2 ×Z 3 [17] . In this paper, we show that signatures of chirality in Fe 1/3 TaS 2 are deeply and subtly embedded within the electronic structure, reminiscent of the hidden Fermi surface nesting that causes charge-density wave ordering in low-dimensional materials [18] .
To explore intercalation effects on the fundamental excitations of a chiral ferromagnet, we measured the spectroscopic response of Fe 1/3 TaS 2 and compared our findings with the x = 0 and 1/4 compounds and complementary first-principles calculations. The main finding is that there is a strong influence of the Fe layer on the properties of the compound, perhaps stronger than what would be expected for van der Waals interlayer bonding. Strikingly, separation of chalcogenide slabs by atomically thin layers of iron introduces a second free-carrier response due to a peak in the density of states at the Fermi level along with a set of localized bands that are connected to the density and pattern of the Fe centers. Symmetry breaking in Fe 1/3 TaS 2 is evident in charge-density patterns that progress from triangular to Kagome to honeycomb, the hole → electron pocket crossover near the K point, and the characteristic set of low-energy electronic excitations between spin split bands that cross the Fermi surface. Signatures of chirality are firmly embedded in the bound carrier excitations as well, which we analyze by tracking trends in the hybridized Fe-and Ta-containing bands. Importantly, these effects are exposed in a metallic system, so in addition to providing opportunities to compare correlation vs spin-orbit effects in Fe-containing chalcogenides [19] [20] [21] , they reveal ideas that may be useful in the hunt for metallic ferroelectrics [22, 23] .
II. METHODS
Single crystals of Fe x TaS 2 (x = 1/4 and 1/3) were grown by chemical vapor transport techniques as described previously, and the Fe concentration was confirmed by magnetization [10] . We measured ab-plane reflectance using a series of spectrometers (4 meV-6.5 eV; 4.2-300 K) and employed a Kramers-Kronig analysis to extract the optical constants. Traditional peak-fitting techniques were also employed as appropriate. Computational work was performed using density functional theory provided by Atomistix ToolKit [24, 25] . Using a spin-polarized generalized gradient approach with an on-site potential (SGGA+U ), the electronic structure, density of states (DOS), and electron density were determined [26] . The onsite potential localizes the Fe electrons that contribute to the overall magnetic moment; we find 3.8 μ B .
III. RESULT AND DISCUSSION
Figures 2(a) and 2(b) display the reflectance and optical conductivity of Fe 1/4 TaS 2 and Fe 1/3 TaS 2 compared with that of 2H-TaS 2 [11] . Intercalation dramatically changes the character of the optical conductivity. The trend is nonmonotonic, with the Drude response in the x = 1/3 system being more robust (Table I) . These trends quantify the fact that the TaS 2 layers are well isolated between Fe sheets. The Drude associated with the Fe layer is much narrower than that deriving from the Ta bands (which so prominently cross the Fermi surface).
A similar situation arises in Fe 1/4 TaS 2 , where fits to the optical response require two Drude oscillators. The metallic character is weaker than in the x = 1/3 system due to a different degree of mixing of the hybridized Ta + Fe d bands crossing the Fermi level. The Fe Drude is extremely narrow because the distance between Fe centers is quite large (6.614Å for x = 1/4 vs 5.737Å for x = 1/3), an effect that is evident in the charge density patterns. The lower density of atomic centers in the Fe sheet of the x = 1/4 material reduces overlap and increases the relaxation time (Table I ). An oscillator strength analysis [ Fig. 2(f) ] provides additional evidence for a narrow Drude [31] .
Turning our attention to the higher energy portion of the spectra, the pattern of well-separated on-site and chargetransfer excitations in the x = 1/4 material and the superimposed set of features in the x = 1/3 system seem dramatically different [ Fig. 2(h) ]. Closer examination, however, reveals that the localized and charge transfer excitations reflect the trend in the Fe levels. In the x = 1/4 system, we assign the band centered at 0.7 eV as a minority channel Fig. 2(g) ], and the assignment changes somewhat. These excitations are superimposed at overall higher energy because the Fe bands have moved up in energy and are significantly more disperse compared to those in the x = 1/4 system. This allows the Fe levels to hybridize with the Ta bands around 2 eV. There is also a band centered near 5.3 eV in both materials. In 2H-TaS 2 , it is assigned as a Ta 5d z 2 conduction band to S 3p valence band excitation [32] . The characterization shifts to greater d-band contributions in the x = 1/4 and 1/3 systems. Figure 3 displays the calculated electronic band structure and projected density of states for the three systems of interest. We used this band structure to assign all of the optical excitations in these materials. Where comparable, our findings are in good agreement with prior work [13, 33, 34] . In our analysis of 2H-TaS 2 , there exist two distinct Ta-derived bands crossing the Fermi level [ Fig. 3(a) ] that are characteristic of Dirac lines [35] . These bands make the system metallic and produce excitations to the bands near 3.5 eV. These aspects of the electronic structure remain recognizable even with Introduction of an atomically thin layer of Fe into the van der Waals gap modifies the electronic structure profoundly. Our calculations employ a Hubbard U (similar to Ref. [13] ), which acts to localize the Fe bands, leaving only a remnant of time, raises the energy of the localized Fe bands, which allows them to hybridize with the Ta-derived bands. This process strengthens the Fe-derived Drude and makes the localized excitations seem to disappear. The persistence of the Dirac lines produced by the TaS 2 slabs at high-symmetry points demonstrates that these modifications are due to differences in overall electronic behavior rather than intercalation-induced structural changes.
To further examine the connection between symmetry and electronic structure, we projected the charge density onto the plane defined by the Fe centers [ Figs. 1(d)-1(f) ]. With these renderings, we see that, as the Fe concentration increases, the overlap between Fe sites becomes stronger and more direct, and at the 1/3 level, the Fe centers even move out of the way of the S ions allowing for more direct orbital overlap. Thus, while the dominant Drude response is connected with free carriers in the Ta bands, the Fe ions introduce a second metallic signature-consistent with our spectroscopic findings. Remarkably, these contour plots also reveal a progression from a triangular (x = 0) to Kagome (x = 1/4) to honeycomb (x = 1/3) charge density pattern [ Figs. 1(d)-1(f) ]. The latter is (ironically) indicative of increased symmetry in the Fe plane, even though the overall crystal symmetry is reduced.
Another consequence of the evolving charge density pattern can be seen by comparing the electronic structure at the M and K symmetry points. In the centrosymmetric case [Figs. 3(a) and 3(b)], the M point sports an electron pocket whereas the K point has a hole pocket. However, in the noncentrosymmetric case [ Fig. 3(c) ], both locations host electron pockets. This hole to electron pocket crossover at the K point, while certainly not simple, may be observable in a Hall measurement and could have important implications for the field of valleytronics [36] . We note that the crossover to electron pockets in Fe 1/3 TaS 2 is not just due to increased carrier density from the Fe centers (although additional density does accumulate at the K point) but rather due to the manner in which Fe breaks crystal symmetry. Therefore, a gating experiment that merely raises and lowers the Fermi energy against a rigid band structure would not show this effect.
Finally, we point out that broken inversion symmetry in the x = 1/3 material is predicted to lift the spin degeneracy of the electronic bands near the Fermi surface [ Fig. 4(a) ]. The energy scale of this splitting is on the order of tens of meV, consistent with the aforementioned features at 22 and 38 meV in the optical conductivity. Figure 4 (b) displays a close-up view of these structures. Although the excitation energies are in line with what might be expected for electronic band splitting, assignment is not straightforward because they are also consistent with phonon positions [37] . As shown in Figs. 4(b) and 4(c), decreasing temperature red shifts the 22 and 38 meV structures and increases the oscillator strength [38] . Both trends differ from what is expected for phonons on a conducting background [39] . Moreover, we do not anticipate significant differences in phonon effects between the x = 1/4 and 1/3 materials, which again argues against a phonon interpretation. Returning to our picture of low-energy spin split electronic excitations, there are several bands crossing the Fermi energy with vertical band-to-band transitions in the correct energy range [ Fig. 4(a) ]. Recent models of Rashba splitting in BiTeI [40] suggest that thermal expansion and electron-phonon coupling effects combine to reduce the effective Rashba parameter and smear the gap(s) at elevated temperatures. Of course, while the 2H structures technically lack inversion symmetry, they do have a vertical mirror plane, so we do not anticipate the same kind of strong inversion-breaking Rashba effects that are observed in BiTeI [41] . Additional evidence that the 22 and 38 meV excitations may be electronic in origin comes from the x = 1/4 system where these features are not observed.
IV. CONCLUSION
To summarize, we combined optical spectroscopy and firstprinciples calculations to reveal intercalation and symmetry breaking effects in the noncentrosymmetric, chiral ferromagnet Fe 1/3 TaS 2 . The main finding is that there is a strong influence of the Fe layer on the properties of the compound, perhaps stronger than what would be expected for van der Waals interlayer bonding. Signatures of chirality include a honeycomb charge density pattern and hole → electron pocket crossover, low-energy excitations between spin split bands, and overlapping onsite and charge transfer excitations. These findings are useful for the development of low symmetry multifunctional chalcogenides.
